Abstract. GPS radio occultation can estimate ionospheric electron density and total electron content (TEC) with high spatial resolution, e.g., China's recent Fengyun-3C GPS radio occultation. However, high-order ionospheric delays are normally ignored. In this paper, the high-order ionospheric effects on electron density estimation from the Fengyun-3C GPS radio occultation data are estimated and investigated using the NeQuick2 ionosphere model and the IGRF12 (International Geomagnetic Reference Field, 12th generation) geomagnetic model. Results show that the high-order ionospheric delays have large effects on electron density estimation with up to 800 el cm −3 , which should be corrected in high-precision ionospheric density estimation and applications. The second-order ionospheric effects are more significant, particularly at 250-300 km, while third-order ionospheric effects are much smaller. Furthermore, the high-order ionospheric effects are related to the location, the local time, the radio occultation azimuth and the solar activity. The large high-order ionospheric effects are found in the low-latitude area and in the daytime as well as during strong solar activities. The second-order ionospheric effects have a maximum positive value when the radio occultation azimuth is around 0-20 • , and a maximum negative value when the radio occultation azimuth is around −180 to −160 • . Moreover, the geomagnetic storm also affects the high-order ionospheric delay, which should be carefully corrected.
Introduction
GPS has been widely used in positioning, navigation and timing (PNT) as well as remote sensing (Wu et al., 2010; Najibi and Jin, 2013; Jin et al., 2014a) . When the signal transmitted by GPS satellites propagates through the Earth's ionosphere and lower atmosphere, it will be delayed due to the atmosphere refraction (Jin et al., 2004 (Jin et al., , 2007 (Jin et al., , 2009 ). Nowadays, GPS can monitor the atmosphere and ionosphere with lots of advantages such as low cost, high precision, high temporal and spatial resolution, and all-weather and all-time observations (Afraimovich et al., 2010; Jin et al., 2011 Jin et al., , 2015 Jin et al., , 2016 ; this particularly applies to space-borne GPS radio occultation (RO) (Jin et al., 2014a) . Currently, there are a number of GPS radio occultation missions, e.g., CHAMP (CHAllenging Minisatellite Payload) and COSMIC (Constellation Observing System for Meteorology, Ionosphere, and Climate), which can estimate the electron density and total electron content (TEC) in the ionosphere using the Abel transformation under the assumptions of spherical symmetry and straight-line propagation. However, only the first-order ionospheric delay is normally considered and the second-or higher-order ionospheric effects are ignored in GPS applications (Jin et al., 2006 (Jin et al., , 2014b . Therefore, the secondand higher-order ionospheric delays are involved in the inverted results. Previous studies showed large effects of highorder ionospheric delays on GPS positioning and applications (Hoque and Jakowski, 2008) . For example, Wang et al. (2014) estimated the second-order ionospheric effect on the GPS positioning using the measured electron density and found the maximum second-order ionospheric delay error with about 0.6, 0.8 and 0.6 cm for L1 signals at the zenith, the north and north 10 • elevation angles, respectively. Hoque and Jakowski (2010) assessed the secondorder ionospheric effects on the GPS radio occultation data and showed the ionospheric effects with about 0.7 TECU (1 TECU = 10 16 el m −2 ) on TEC estimation. analyzed the second-order ionospheric effects on the atmosphere and found a second-order residual error of the excess phase at the centimeter level, which may lead to a great effect on the atmosphere parameter inversion.
Recently, China's Fengyun-3C was launched on 23 September 2013, which is the third satellite in China's second-generation series of polar-orbiting weather satellites. One of Fengyun-3C payloads is the GNSS (Global Navigation Satellite System) occultation sounder (GNOS), which will retrieve atmospheric parameters and the electron density for atmospheric and ionospheric studies. In this paper, the second-and third-order ionospheric effects on the ionospheric parameter estimation from Fengyun-3C GPS radio occultation data are estimated and investigated. In Sect. 2, the theory and method of the second-and third-order ionospheric delay estimation are introduced, the secondand third-order ionospheric effects are presented in Sect. 3, a case study of high-order ionospheric effects during the geomagnetic storm is presented in Sect. 4, and finally conclusions are given in Sect. 5.
Methodology and data

High-order ionospheric delays
The GPS signal is delayed when propagating through the ionosphere and the atmosphere. In GPS radio occultation data processing, the atmospheric delay or the excess phase can be written as follows (Jin et al., 2014a) :
where Lis the excess carrier phase (in meters), L is the phase measurement (in meters), ρ is the geometric distance between the GPS satellite and the receiver on the low earth orbit (LEO) satellite, n neu is the refractive index of the neutral atmosphere, and n ion is the refractive index of the ionosphere. The ionospheric refractive index n ion is affected by the electron density and the intensity of the geomagnetic field along the signal ray path, which can be expressed using the Appleton-Hartree formula (Kashcheyev et al., 2012) :
where θ is the angle between the geomagnetic field vector and the signal propagation direction, B 0 is the intensity of the geomagnetic field, N e is the electron density, f is the frequency of the electromagnetic wave, m is the electronic mass, ε 0 is the dielectric constant, and e is the electron charge. Simplifying Eq. (2), it can be written as follows:
The ionospheric delay of the phase measurement is expressed as (Morton et al., 2009 )
N e dl, s = C x C y N e B 0 cos θ dl, r = r 1 + r 2 + r 3 , (6)
0 cos 2 θ dl,
The second term in Eq. (5) is the second-order ionospheric delay, and the third term is the third-order ionospheric delay. The second-and third-order ionospheric delays are added into the carrier phase observations and the following equations can be obtained:
where λ i is the wavelength of the signal, N i is the ambiguity, ion 2 i is the second-order ionospheric delay, ion 3 i is the thirdorder ionospheric delay, and the subscript i is the frequency 1 and 2. Then we can get the TEC using the dual-frequency observations:
The second item in the left of Eq. (10) is called the high-order ionospheric residual TEC. The measured electron density is normally proportional to the electron density derived from the model, so we can use the measured TEC to modify the ionospheric effects as follows:
where I 2 and I 3 are the modified second-order and thirdorder ionospheric effects, respectively, and the I 2 and I 3 are the second-order and third-order ionospheric effects from the model, respectively. The primary term in the third-order ionospheric effect is related to the squared electron density (Eq. 5), so we use the squared TEC as the coefficient of proportionality.
Ionospheric delay and geomagnetic field
The ionospheric delay along the signal path is related to the signal trajectory between the initial and end points. Born and Wolf (1999) gave the formula to describe the signal propagation in the non-vacuum space:
where r is the Cartesian coordinate vector of the signal trajectory, s is the length of the signal trajectory, n is the refractive index and ∇n is the derivative of refractive index. From Eq. (12), we can derive the second-order derivative of r:
The r has the three components along the signal trajectory in the Cartesian coordinate system (x, y, z), ∇n is the derivative of refractive index in X, Y, Z directions. A fourth-order Runge-Kutta technique is applied to follow the trajectory of the signal propagation in three direction components. In addition, a 3-D ionospheric model and geomagnetic model are also needed to get the electron density and the intensity of the geomagnetic field along the signal path. Here, the 3-D ionospheric NeQuick2 model is used (Nava et al., 2008) . The NeQuick2 model is particularly designed for transionospheric propagation applications by the International Centre for Theoretical Physics (ICTP). The basic variables of this model are position, time and solar flux, and the output is the electron density at the given time and position. In addition, we use the IGRF12 (International Geomagnetic Reference Field, 12th generation) (Thébault et al., 2015) to get the intensity of the geomagnetic field. The IGRF model consists of sets of spherical harmonics coefficients derived from a large number of observable data. It can provide the intensity and the northward, eastward and vertical components of the geomagnetic field, which can be used to calculate the secondand third-order ionospheric delay with Eq. (5). 
Observation data
The Fengyun-3C realizes all-weather, multispectral, quantitative and 3-D observation of the global atmosphere for monitoring disasters, the environment and climate change. The GNOS onboard Fengyun-3C can retrieve atmospheric parameters for atmospheric monitoring and weather forecasting and monitor the electron density for ionospheric studies. The GNOS has four occultation antennas to receive GPS signals, which produce more than 100 ionospheric occultation events and 500 atmospheric occultation events (Bi et al., 2012) . The Fengyun-3C GPS radio occultation data are available at the Fengyun Satellite Data Center website (http://satellite.nsmc.org.cn). We can get the radio occultation excess phase observed by the GNOS on the Fengyun-3C. Here, the Fengyun-3C radio occultation data used are from 1 to 30 September 2014 with almost 7000 ionospheric sounding profiles (Fig. 1) .
In order to show the high-order ionospheric effects on Fengyun-3C ionospheric sounding globally, the selected occultation points should have a good spatial and temporal distribution. After checking the data, we found that the data are evenly distributed in latitudinal direction and local time (Fig. 2) .
In addition, the solar activity is quiet during this period. Since the Fengyun Satellite Data Center just provides the excess phase data, the TEC is calculated from the excess phase data. As we mentioned above, the electron density along the signal path is assumed to satisfy the Chapman function. We use the maximum electron density of the F2 layer and its corresponding height to calculate the TEC along the signal path. 3 Results and analysis 3.1 High-order ionospheric effects
Second-order ionospheric effects
The second-order ionospheric effects are estimated from 6420 profiles of the Fengyun-3C GPS ionospheric radio occultation. The maximum residual TEC and electron density from the second-order ionosphere effects are shown in Fig. 3 . Almost 80 % of maximum residual TEC are located between −0.25 TECU and 0.25 TECU, and about 80 % of the maximum residual electron densities are located between −500 and 500 el cm −3 . Some second-order ionospheric effects even exceed 5 % (e.g., at 07:44 12 September 2014, 16:14 on 14 September 2014 and 17:27 on 20 September 2014). Therefore, the second-order ionospheric effect on the ionospheric electron density estimation should be considered and corrected. We also analyze the height of maximum residual electron density. Most heights of maximum residual electron density are around 250-350 km, which is the range of the peak height of layer F2, indicating that the heights of the line of sight (LOS) tangent point around 250-350 km have a greater second-order ionospheric effect. Therefore, the second-order ionospheric effects at these altitudes are larger than others because these signals have a longer propagation path in the ionosphere.
Third-order ionospheric effects
Furthermore, the third-order ionospheric effects on the ionospheric electron density from Fengyun-3C GPS radio occultation are obtained in Fig. 4 . Most maximum residual TECs of the third-order ionospheric effects along the signal path are below 0.015 TECU, and all of them are less than 0.02 TECU, while the second-order ionospheric effect is about 0.5 TECU. So the third-order ionospheric effects are about 30 times weaker than the second-order effects. The errors of secondorder ionospheric effects are less than 1 % in general and less than 10 % in some special conditions, while the errors of third-order ionospheric effects are less than 0.4 % even in some special conditions. Therefore, the third-order ionospheric effects in the occultation data processing can be ignored. The LOS tangent point heights of maximum thirdorder ionospheric residual TEC are shown in Fig. 4 . The LOS tangent point heights of maximum third-order ionospheric residual TEC are located between 250 and 350 km, which is similar to the second-order ionospheric effect characteristics mentioned in Sect. 3.1.1.
Latitudinal variations of high-order ionospheric effects
As we know, the ionospheric electron density reaches the peak value at the both sides of magnetic equator, and the ionospheric electron density in the high-latitude area is smaller than that in the low-latitude area. So we categorize the residual TEC along the signal path by the latitude of the occultation tangent point and map it with the RO azimuth.
In Fig. 5 , the blue markers lie above the green markers and the green markers lie above the red markers. The high-order ionospheric effects are determined by the location of the sig- nal path tangent point and the RO azimuth in Eq .(5). If we fix the RO azimuth, we find that the high-order ionospheric effects in the low-latitude area are more significant than those in the high-latitude area. Furthermore, we categorize residual TECs of the highorder ionospheric effects by the hemisphere and latitude of the signal path tangent point. From Fig. 6 , we can see that the green circles lie above the red circles, especially in panels b and c, which means that in the same latitude area, the residual TEC in the Northern Hemisphere is larger than that in the Southern Hemisphere. As we know, the electron density distributes in symmetry to the magnetic equator, and the geomagnetic equator lies on the northern side of the geodetic equator (Rastogi, 1960; Kil et al., 2011) , so in some places, the double peak values of electron density are both in the low-latitude area of the Northern Hemisphere. Therefore, if we fix the latitude value, the high-order ionospheric effects are more obvious in the Northern Hemisphere.
Local time variations of high-order ionospheric effects
The relationship between the local time at the LOS tangent point and the high-order ionospheric effects are discussed be- Figure 7 . High-order ionospheric residual TEC along the signal path during 18:00-02:00 LT (red circles), 02:00-10:00 LT (green stars) and 10:00-18:00 LT (blue plus). The x axis is the absolute cosine value of RO azimuth, and the y axis is the absolute value of residual TEC. The lines are the average value of residual TEC in different RO azimuths.
cause the hour of sunlight is a key factor. There are more hours of sunlight when the occultation events occur between 10:00 and 18:00 LT (local time) while there are fewer hours of sunshine when the events occur between 18:00 and 02:00 (next day). We divide all high-order ionospheric residual TECs into three groups, whose local time is 10:00-18:00, 18:00-02:00 and 02:00-10:00. The three groups of high-order ionospheric effects are presented with the RO azimuth in different colors (Fig. 7) . From the distribution of the different colored markers and the lines, we can see the occultation events occurred between 10:00 and 18:00 LT have a more significant high-order ionospheric effect than those that occurred at another time. The reason is probably that the solar radiation can ionize the molecule in the ionosphere. The stronger the solar radiation is, the more molecules will be ionized. So the electron density in the ionosphere will increase after sunrise and decrease after sunset because of the solar radiation daily variation. In addition, the part around the tangent point is the main part along the signal path to produce the high-order ionospheric delay because this part actually propagates into the ionosphere. So we can see that the high-order ionospheric effect is more obvious in the local daytime of the occultation tangent point.
High-order ionospheric effects with the RO azimuth
The relationship between the high-order ionospheric effects and the radio occultation azimuth is further discussed. In this paper, the RO azimuth is the angle between the signal propagation direction in the occultation plane and the true north at the occultation point (Qu et al., 2015) . When the signal propagates from the north to the south, the azimuth is 180 • (see α in Fig. 8 ). 
Second-order ionospheric effects
The second-order ionospheric residual electron density (y axis) is estimated with the RO azimuth (x axis). The positive residual electron density centralizes in the RO azimuths between −50 and 50 • , and the negative residual electron density centralizes in the RO azimuths between −120 and 120 • . Moreover, the residual electron density reaches its largest positive value when the RO azimuth is around 0 • and its largest negative value when the RO azimuth is around ±180 • . From the Appleton-Hartree equation, we know that the second-order ionospheric delay is caused by the refraction when the signal propagates in the ionosphere and the refractive index is determined by electron density, the geomagnetic field vector along the signal path and the signal propagation direction. Therefore, the angle between the signal propagation and the geomagnetic field direction significantly affects the second-order ionospheric delay estimation. Since the RO azimuth is more easily got than the angle mentioned above, the relationship between the second-order ionospheric delay and the RO azimuth is established to assess the ionospheric effects. From Fig. 9 , when the RO azimuth is around 0 and −180 • , the second-order ionospheric effects are more significant. The initial phase in the cosine function mentioned above may be connected with the angle between the true North Pole and the geomagnetic true pole. Because the θ in the Appleton-Hartree equation refers to the geomagnetic north pole while the RO azimuth α refers to the true North Pole, there is a difference between the geomagnetic true pole and the true North Pole.
Third-order ionospheric effects
Furthermore, we estimate the relationship between the thirdorder residual TEC along the signal path and the RO azimuth and find that the third-order ionospheric effects are different Scattering data Fitting curve Figure 9 . The relationship between second-order ionospheric residual electron density and RO azimuth. from the second-order one. Because all the residual TECs are positive, we cannot find any relationships with the RO azimuth. So the third-order ionospheric effects are RO azimuthindependent.
High-order ionospheric effects with solar activities
The solar radio flux at 10.7 cm (F10.7 cm) is an indicator of the solar activity and correlated well with the sunspot number. The indices show the solar activity condition varying from 50 to above 300 during a solar cycle. Here, we discuss high-order ionospheric effects under different solar activities, e.g., 70, 120 and 193, of F10.7 cm to indicate the weak, normal and strong solar activities, which are input variables for the NeQuick2 model. Two events are selected to simulate the high-order ionospheric effects in the same area with opposite azimuths. We can see the residual electron density becomes larger as the F10.7 cm index increases ( Fig. 11b and d) . The residual electron density increases more than 3 times in the strong solar activity condition than in the quiet solar activity condition and by about 2 times the normal solar activity con- dition. The F10.7 cm indices in September 2014 are about 120. In this solar activity condition, some high-order ionospheric effects have exceeded 1 %. So the high-order ionospheric effects cannot be simply ignored without considering the space weather condition. It would lead to a significant error in electron density estimation.
High-order ionospheric effects during the geomagnetic storm
A geomagnetic storm is a temporary disturbance of the geomagnetic field, which will induce ionospheric variations and possible high-order ionospheric delays. Here, the high-order ionospheric effects are investigated during the intense geomagnetic storm which occurred on 17 March 2015 with a maximum disturbance storm time index (Dst) of −223 nT (Jin et al., 2017) . We select nine radio occultation events during the geomagnetic storm for about 06:00. The nine profiles are presented in Fig. 13 and we find the profile curve at 00:37 on 17 March is smooth because there is no geomagnetic storm effect at that time, while from 06:04 on 17 March, the curve is not smooth anymore. The geomagnetic storm began to disturb the ionosphere, and the receiver could not track the signal well anymore. Furthermore, the disturbed ionosphere has no symmetrical features. Therefore, the spherical symmetrical assumption is not suitable in electron density estimation and the profile at 12:15 and 18:11 on 17 March is not reasonable. After 06:02 on 18 March, the geomagnetic storm ended, and the profile began to return to normal. Furthermore, the high-order ionospheric effect is also estimated during the geomagnetic storm. Because the electron density in the ionosphere experiences a great disturbance during the geomagnetic storm, the ionosphere model cannot present the real ionospheric activities very well. Here, we use the measured TEC to calibrate the high-order ionospheric delay and find no big difference before the geomagnetic storm in the high-order ionospheric residual electron density between the original data (blue line in Fig. 14a , left panel) and calibrated data (red line in Fig. 14a, right panel) . By contrast, during the geomagnetic storm, the high-order ionospheric effect estimation is not valid when we use the ionosphere model directly. Like the blue line in Fig. 14b (right panel) , the residual electron density has both positive and negative values in one profile. After using measured TEC calibration, all the residual electron density has the same sign in one profile.
After the geomagnetic storm, we also estimate the highorder ionospheric effect and calibrate it with the measured TEC. One can conclude that the calibrated one is closer to the real condition because the peak value of the residual electron density after calibrating is closer to the peak value of the electron density in the F2 layer, which agrees with the conclusion we mentioned in Sect. 3.1. Because the geomagnetic storm was just over and the ionosphere had not recovered to the condition preceding the storm, there is a big difference between the original data and calibrated data of residual electron density. The results show that the geomagnetic storm also affects the high-order ionospheric effect estimation, and the characteristic of high-order ionospheric effect does not follow the quiet condition we present in Sect. 3. When there is a geomagnetic storm, the ionosphere is disturbed and the ionospheric model cannot present the real ionosphere condition. Therefore, the GPS receiver cannot track the signal correctly and cannot estimate a proper electron density or the highorder ionospheric effect.
Conclusion
In this paper, the NeQuick2 ionosphere model, IGRF12 geomagnetic model and the signal tracking technique are used to estimate and investigate the high-order ionospheric effects on Fengyun-3C electron density estimation. The second-order ionospheric effects are about ±500 el cm −3 , and some even exceed ±1500 el cm −3 in the electron density estimation. Therefore, the second-order ionospheric effects cannot be ignored in precise ionospheric electron density estimation.
However, the third-order ionospheric effects are about 30 times weaker than the second-order ones, which can be ignored at current precisions. The occultation tangent point height of the peak value in the high-order ionospheric effect agrees with the height of the peak value of the electron density in the F2 layer. In addition, the high-order ionospheric effects are more obvious in the low-latitude tangent point area and in the daytime. Furthermore, the high-order ionospheric effect is correlated well with the RO azimuth. When the RO azimuth is around 0 • and ±180 • , the high-order ionospheric effect is more obvious, which cannot be ignored. Furthermore, the solar activity is also the main effect factor of the high-order ionospheric delay. During the strong solar activity, the high-order ionospheric effects will increase to 2 or 3 times the quiet period, so we must consider the highorder ionospheric effects on electron density estimation during the strong solar activity. Finally, the geomagnetic storm also affects the high-order ionospheric delay. During the geomagnetic storm, the ionospheric model cannot present the real ionosphere anymore, so the high-order ionospheric effect should be carefully estimated and corrected.
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